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Diverse modes of recognition
The structure of a complex between the RNA-binding domain of the small
nuclear ribonucleoprotein U1A and an RNA hairpin stresses the diversity
of solutions to the problem of sequence-specific RNA recognition.
Among the various levels at which gene expression can
be regulated, transcriptional control often hogs the lime-
light. But there are many steps - in eukaryotes especially
- between the initial synthesis of a primary RNA tran-
script and the production of a protein product, and these
offer many further opportunities for the subtle regulation
of gene expression. These post-transcriptional processes
involve numerous RNA-binding proteins and small
RNAs, which form stable ribonucleoprotein (RNP)
complexes responsible for the splicing and transport of
RNA. Many RNA-binding proteins contain one or
more copies of a 90-100 residue domain, defined by a
conserved sequence pattern, known as an RNP motif.
These RNP motifs are often classified into two groups
according to their capacity to bind RNA either specifi-
cally - as in the case of the U1 small nuclear (sn)RNP
proteins - or nonspecifically - as in the case of the
heterogeneous nuclear (hn)RNP proteins [1,2].
The RNP motif is the only RNA-binding domain for
which the three-dimensional structure is known. The
crystal structure of the amino-terminal RNA-binding
domain of U1 snRNP A (U1A) was determined several
years ago [3]. A solution structure, determined by nuclear
magnetic resonance (NMR) spectroscopy, is also available
for the same domain [4]. The solution structure of a
second RNA-binding domain, that of hnRNP C, has
been determined [5] and found to be very similar to that
of U1A. The intermolecular contacts between the U1A
RNA-binding domain and an RNA hairpin containing
U1A's specific target sequence AUUGCAC have been
mapped by biochemical and NMR investigations of the
complex [6,7]. Now, the crystal structure of the same
complex has been determined, to 1.92 A resolution [8],
providing a wealth of structural information and what
will be the prototypic model for the RNP family.
The first detailed structural data on RNA-protein
recognition came from the crystal structures of tRNAs
complexed with aminoacyl-tRNA synthetases. These
yielded information on the recognition of stem and loop
RNA secondary structure elements, as well as of single-
stranded regions. They clearly showed the modularity of
both the protein structure and the recognition mechanism.
For each part of the tRNA molecule containing one or
more 'identity determinants' - sequences recognized by
the tRNA's cognate aminoacyl-tRNA synthetase - a
specific module of the protein is involved. This is true,
for example, in the case of the anticodon-loop regions -
common tRNA identity elements - of glutamine [9,10]
and aspartic acid [11,12] tRNAs. More recently, with the
determination of the crystal structures of complexes
between the bacteriophage MS2 coat protein and a small
RNA hairpin [13], and now of the U1A RNA-binding
domain and an RNA hairpin [8], our knowledge of the
field is expanding. Is it possible to draw any general con-
clusions or some specific rules from this limited set of
data? In an attempt to do so, we shall concentrate on the
common point of these structures: the sequence-specific
recognition of RNA loop motifs. For tRNAs, this will
limit the comparison to the anticodon loop region and
the corresponding synthetase-binding domain.
The RNA-binding domain of UlA comprises a four-
stranded, antiparallel 13 sheet packed against two perpen-
dicular a helices. The domain offers an extended and
rigid surface onto which the single-stranded RNA frag-
ment can lay (Fig. la). Folding patterns similar to the
U1A RNA-binding domain have been observed in other
RNA-binding proteins, such as the ribosomal proteins
S6 [14] and L6 [15], and even in proteins not thought to
bind RNA, such as the enzyme acyl phosphatase [16].
The specific binding of U1 RNA by U1A requires the
correct positioning of the RNA fragment with respect to
the protein, as well as recognition of the sequence of the
positioned RNA. Two areas of contact between RNA
and protein can be identified that each fulfill one or both
of these two requirements.
The first of the contact areas is primarily responsible
for positioning the RNA. This involves a non-specific
interaction between the helical stem of the RNA hairpin
and two loops of the protein (the 31-helix A and
32-133 loops). The protein protrudes through the RNA
loop, stabilizing its structure. The protein grips the
sugar-phosphate backbone of the RNA through a
hydrogen-bond network, and electrostatic interactions
are established between the negatively charged RNA
phosphates and positively charged side chains - those of
Lys 20, Lys 22 and Arg 52 - of the protein. The
sequence-specificity of binding comes from a second
contact area - a base-specific interaction between the
ten-nucleotide RNA loop and the surface of the pro-
tein's sheet, which is exposed to solvent in the absence
of RNA. The bases in the loop are almost perpendicular
to the stem axis and protrude out in order to maximize
their contacts with side-chain as well as main-chain
atoms from the protein. Most of the potential hydrogen
bond donors or acceptors of the bases are linked to the
protein directly or via a water molecule. The binding
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Fig. 1. Ribbon diagrams of three RNA-binding domains complexed with their cognate RNA loops. (a) The U1A RNA-binding domain
and an RNA hairpin. (b) The tRNAAsP anticodon bound to the amino-terminal domain of aspartyl-tRNA synthetase (AspRS). (c) The
tRNAGIn anticodon bound to the carboxy-terminal domain of glutamyl-tRNA synthetase (GInRS). Nucleotides from the RNA loops are
recognized as single-stranded regions in each case. The interactions occur across the surface of a sheet in the U1A-U1 RNA and
AspRS-tRNAAsP complexes and involve stacking of aromatic residues (dark purple) with RNA bases. In the case of the GlnRS-tRNAGIn
complex, protein-RNA interactions occur in a binding pocket formed at the interface of two p barrels.
mode, which involves a single-stranded RNA region, is
reminiscent of tRNA-anticodon-loop recognition by
aspartyl-tRNA synthetase (AspRS), where the bases
from the seven-nucleotide loop are also unstacked and
protrude out (Fig. lb).
Both the U1 RNA hairpin and the tRNA anticodon
loop are flexible and can adopt multiple conformations.
In the unliganded state, the first bases of both loops stack
on each other [8,17]. Unstacking of these loop bases
upon the formation of a complex with the protein
favours their binding to a base-specific recognition pocket
on the protein's surface. In both cases, conserved aromatic
residues - Phe 56 and Tyr 13, which belong to the con-
sensus sequences RNP1 and RNP2 [18], respectively, in
the case of RNP proteins, and Phe 127 for aminoacyl-
tRNA synthetases of the AspRS/AsnRS/LysRS sub-
group - are involved in stacking interactions with bases
of the RNA substrate. The energy required for the RNA
conformational change is provided by the interaction
with the protein: an 'induced-fit' mechanism is thus the
best explanation for the observed structural adaptation.
The two key features of the U1A-RNA and AspRS-
tRNAAsP complexes - interactions across the surface of
a 13 sheet and an induced conformational change in the
bound RNA loop - can be found separately in other
systems. In the structure of the complex between phage
MS2 coat protein and an RNA operator fragment, inter-
actions also occur across an antiparallel 13 sheet, and
stacking of an RNA base with a conserved tyrosine
residue is again observed. In this case, however, no
important change in conformation of the RNA loop was
observed. The conformation of the loop in the complex
corresponds to one of the two conformations the RNA
has been found to adopt in solution [13]. This hairpin
loop has only four residues, and distorting such a small
loop may be energetically too expensive. The anticodon
loop of tRNAGln is recognized by glutaminyl-tRNA
synthetase (GlnRS) as a single-stranded open structure,
the bases being unstacked and splayed out [10]. In this
case, however, protein-RNA interactions occur in a
binding pocket formed at the interface of two 3 barrels
rather than across the surface of a 13 sheet (Fig. 1 c).
In the case of DNA recognition by proteins, the tertiary
structure of the nucleic acid target is generally highly
constrained to variations around the B-form helix. Even
when limiting the analysis to major-groove recognition
by the known structural motifs of DNA-binding
proteins, there are so many different modes of interaction
that it is difficult to establish simple general rules. If we
now consider the problem of RNA recognition, the
complexity is on both sides, as RNA molecules are real
tertiary molecules with, in some cases, complex folds.
Another significant difference between DNA and RNA
emerges when considering the problem of sequence-
specific recognition in double-stranded regions. In RNA
helices, the bases are not accessible from the major-
groove side because of its narrow opening. Decoding of
the bases is thus limited to the minor-groove side. It is
then not surprising that, for RNA molecules, most of the
specificity determinants are located in loop or bulge
regions. These are indeed abundant in all RNAs and per-
mit a large structural diversity arising from the interplay
of the loop size and the nucleotide sequence.
Although the structural database for specific RNA-bind-
ing proteins complexed with their cognate RNA sub-
strates is still limited, some recurring features emerge.
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First, the protein recognizes a conformation of the RNA
that in many cases is different from the one observed in
solution. Second, conformational changes of the RNA
are often observed in order to present a single-stranded
region to the protein. Correct positioning of the frag-
ment relies on the stacking of aromatic amino-acid side
chains - phenylalanine and tyrosine - on the RNA
bases, as well as on electrostatic interactions with the
sugar-phosphate backbone. Third, RNA bases form
direct or water-mediated hydrogen bonds to protein
main-chain and side-chain atoms, the most frequently
used amino acids being arginine, lysine, asparagine,
glutamine and glutamic acid, but it is premature to look
for a code. The role of sugar moieties in the recognition
process needs further analysis.
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